Abstract: Given refinements in endoscopic image quality, instrumentation, surgical navigation, skull base closure techniques and anatomical understanding, the endonasal endoscopic approach is now a well-accepted and widely utilized technique for removal of many if not most midline ventral skull base tumors. Pituitary adenomas and Rathke ' s cleft cysts (RCCs) constitute the majority of lesions removed via this route; however, craniopharyngiomas, clival chordomas, midline meningiomas and other benign and malignant skull base tumors are now increasingly removed by this approach. Herein we describe the evolution of the endonasal endoscopic technique, its current use for sellar and midline skull base tumors and potential for future innovation.
Introduction and history of endoscopic skull base surgery
Over the last century, technological advancements and improvements in surgical technique have revolutionized the transsphenoidal (TS) approach to the sella and surrounding paramedian skull base. In the early 1900s, several surgeons including Schloffer, Kocher, Hirsch and Halstead were key to its initial development. The approach was further refined by Cushing when he utilized it on 231 patients with pituitary tumors between 1910 and 1925 [ 95 ] . Despite Cushing ' s overall favorable results, most surgeons found the lack of adequate illumination while operating within a narrow surgical corridor challenging and to be associated with a relatively high complication rate [ 12 , 46 ] . Ultimately, the technological limitations of the time resulted in the procedure being largely abandoned for many years except by a select few surgeons.
In the 1950s and 1960s, two innovations in operative technique contributed to a renewed interest in the TS procedure [ 95 ] . The first was intraoperative fluoroscopy by Gerard Guiot which supplied real-time imaging information and improved monitoring of the position and trajectory of instruments [ 46 , 57 ] . The second was Jules Hardy ' s introduction of the operating microscope which provided superior illumination and magnification [ 55 ] . When used with the microscope, fluoroscopy allowed for safer, more extensive resection of sellar, parasellar and suprasellar lesions, and was soon associated with improved surgical outcomes [ 56 , 123 ] . The superior visualization of the microscope also allowed Hardy to develop another major advance: that of selective adenomectomy with preservation of the pituitary gland [ 95 , 106 ] . As a result, the microscopic TS approach became the preferred method for addressing sellar pathology over the next 30 years with multiple publications demonstrating its safety and efficacy, most notably those of Laws, Wilson, Weiss and Oldfield [ 18 , 19 , 91 , 93 , 95 ] .
The major limitation of the microscope in the TS approach is the restricted visualization limited to a corridor confined within the nasal speculum. In contrast, the modern neuroendoscope provides a more panoramic view unobtainable with the microscope. This limited " tunnel vision " microscopic view coupled with technical advances and a growing experience in sinonasal endoscopy fueled the revolution in endoscopic TS surgery that began in the 1990s. Prior to that, endoscopes had been utilized in a variety of other neurosurgical procedures for almost a century. In 1910, Victor Darwin Lespinasse, a urologist, became the first surgeon to perform an endoscopic neurosurgical procedure when he used a cystoscope to coagulate the choroid plexus in two children with hydrocephalus [ 51 ] . Walter Dandy and others continued to perform endoscopic procedures during the next few decades, with the design of the endoscope at that time restricting its use to intraventricular visualization [ 1 , 58 ] . Guiot was the first to experiment with the neuroendoscope in TS operations beginning in the 1960s, but he abandoned the procedure soon after because it failed to provide adequate visualization [ 46 , 53 ] . In 1967, the advent of the modern neuroendoscope with a rigid rod-lens system by Harold Hopkins led to an increase in the variety of neurosurgical procedures where endoscopy could be safely utilized. The Hopkins endoscope was associated with a nine-fold increase in optical efficiency as compared to the previous model. In addition, it allowed for a wider viewing angle, improved color and image quality, greater light transmission, a smaller scope diameter and ability to connect to external camera devices [ 109 , 128 ] . Further progress in image quality and miniaturization was made with the charged-coupling devices (CCDs) that converted optical data into electrical impulses. More effective illumination through the endoscope was made possible with the creation of a fiber-optic external cold light source by Karl Storz [ 4 , 94 ] .
In the late 1970s, two groups including Apuzzo et al. [ 3 ] and Bush and Halves [ 5 ] incorporated the neuroendoscope into select TS operations, using it when necessary to obtain a better view of the tumor in cases where it had extended outside the sella. Gamea et al. [ 45 ] , Yaniv and Rappaport [ 124 ] , and others further described their experience with an endoscopic-assisted TS approach, in all cases utilizing the endoscope as a visualization adjunct to the operating microscope. In 1987, Weiss [ 122 ] described the extended TS microscopic approach with removal of additional bone along the tuberculum sella and the posterior planum sphenoidale to reach lesions of the suprasellar space such as meningiomas and craniopharyngiomas. Additionally, in the late 1980s and 1990s, there was a transition for many neurosurgeons from the traditional sublabial TS approach to the direct endonasal approach initially described by Griffith and Veerapen [ 52 ] as well as by our group and others [ 127 ] .
As neurosurgeons gained more experience with the endoscope, a move towards collaboration with otolaryngologists resulted in the elimination of the nasal speculum and microscope in TS procedures. In 1992, Jankowski et al. [ 66 ] described the first successful removal of pituitary adenomas in three patients using a purely endoscopic TS approach. Jho and Carrau [ 68 ] in 1997 then published the first series of 50 patients with predominantly pituitary adenomas treated via a fully endoscopic TS approach.
The rising interest in endoscopic TS surgery during the 1990s and early 21 st century resulted in many if not most neurosurgeons transitioning first from a traditional microscopic to an endoscopic-assisted and eventually to a fully endoscopic approach [ 21 , 33 , 36 , 63 , 104 ] . Significant contributions were made by Cappabianca et al. in an attempt to better refine the procedure by developing unique endoscopic instrumentation, identifying areas for technical improvement and performing a thorough scientific assessment of the technique [ 30 , 109 ] . In addition, by providing a superior panoramic view in comparison to the microscope, the endoscope has been increasingly utilized for lesions beyond the sella [ 95 , 116 ] . Contributions made by Kassam, Carrau, Snydermann, Gardner, Prevedello and others have facilitated a further reach of these extended or expanded approaches to the entirety of the midline skull base, offering an increasingly favored option over traditional lateral and frontolateral skull base approaches. Included among these approaches are the transcribiform [ 69 , 75 ] and transplanum approaches to the anterior cranial fossa and suprasellar region [ 10 , 46 , 122 ] , the ethmoid-pterygoid-sphenoid [ 40 ] or direct TS [ 41 , 70 ] approach to the cavernous sinus, the transclival approach for infrasellar skull base and pre-pontine lesions [ 71 , 76 ] , and the trans-C1/trans-odontoid approach to the foramen magnum [ 74 ] . Endoscopic TS approaches to more paramedian and lateral skull base regions including the infratemporal fossa, petrous apex, Meckel ' s cave and ventrolateral cervicomedullary junction have also been recently described [ 73 , 77 , 103 ] .
Current capabilities, limitations and indications for endonasal endoscopic surgery
The modern neuroendoscope provides excellent illumination with a wide panoramic view. Unlike the microscope, the endoscope has no change in light intensity when transitioning to a more magnified view [ 107 ] . Its mobility and angled lenses allow up-close views of regions behind or adjacent to tissue barriers poorly visualized or unseen with the microscope, such as folds of the diaphragma sella during macroadenoma removal, medial cavernous sinus, suprasellar and retrochiasmal space, prepontine cistern, lateral sphenoid recess and Meckel ' s cave. The mobility of the endoscope is also one of its key limitations in that, unlike the microscope, it must be directly in the operative field taking up valuable space and creating potential conflict with other instruments. Consequently, to fully utilize the superior view of the endoscope, sinonasal exposure must be sufficient to accommodate the endoscope and at least two other instruments. While some surgeons use an endoscope holder, the great majority of endoscopic skull base teams now practice and advocate a two-surgeon binostril approach to maximize access, exposure and dynamic maneuverability.
The continued improvements in endoscopic image quality with high-definition (HD) and three-dimensional (3-D) cameras [ 120 ] , dedicated endoscopic instrumentation, frameless surgical navigation systems, the Doppler probe for vessel localization, as well as more reliable skull base reconstruction techniques, have all contributed to the safety and effectiveness of the endonasal endoscopic approach which is gradually becoming the new standard in TS surgery [ 9 , 32 , 35 , 78 , 129 ] .
The degree to which the endoscope may improve surgical outcomes compared to the traditional purely microscopic speculum-based approach for pituitary adenomas and related lesions such as Rathke ' s cleft cysts (RCCs), craniopharyngiomas, midline meningiomas and clival chordomas remains controversial and is an issue clearly in evolution. Herein we provide an analysis and review of recent studies for these most common pathologies approached via the endonasal endoscopic route.
Pituitary adenomas
Pituitary adenomas are the most frequent indication for a TS operation. Ensenat et al. [ 34 ] and Messerer et al. [ 102 ] compared patients with non-functional pituitary adenomas who underwent TS tumor resection with either an endonasal endoscopic or purely microscopic approach. Both studies demonstrated a significantly higher rate of gross total resection in the endoscopic group (60% vs. 35% and 74% vs. 50%, respectively). Kassis et al. [ 79 ] showed similar results for gross total resection (86.1% for the endoscopic group compared to 65.5% for the microscopic group) while having a trend towards better visual outcomes and anterior pituitary function with endoscopy and no increase in morbidity. Strychowsky et al. [ 118 ] in a recent meta-analysis of endoscopic vs. microscopic TS approaches for pituitary adenomas found that, overall, the fully endoscopic approach was associated with less mean blood loss, shorter hospital stays and fewer nasal complications with a trend towards higher rates of gross total resection (GTR) and a lower incidence of postoperative diabetes insipidus (DI). Finally, Komotar et al. [ 83 ] compared the endoscopic and microscopic TS approaches for giant pituitary macroadenomas ( > 4 cm) with a systematic literature review as well and [ 6 ] reported a 57.7% endocrinological remission rate in patients who underwent an endoscopic approach for growth hormone (GH)-secreting pituitary adenomas. Using a fully endoscopic approach for patients with acromegaly, Jane et al. [ 65 ] achieved a remission rate of 100% for GH-secreting microadenomas and 61% for macroadenomas. Hofstetter et al. [ 59 ] analyzed remission rates for all types of functional adenomas treated by an endoscopic approach. Rates were 92.3% (microadenomas) and 57.1% (macroadenomas) for prolactin-secreting tumors, 75% (microadenomas) and 40% (macroadenomas) for GH-secreting tumors and 54.5% (microadenomas) and 71.4% (macroadenomas) for adrenocorticotropic hormonesecreting tumors. In all studies, despite the advantages of endoscopic visualization, the more invasive the functional adenoma and the greater the degree of cavernous sinus involvement, the lower the biochemical remission rate [ 82 , 88 , 113 ] . Table 1 lists recently published remission rates for functional adenomas using the endonasal endoscopic approach.
In a recent comparison, our group addressed the value of endoscopy for pituitary adenoma resection after initial removal using the operating microscope [ 100 ] . In this series of 140 patients, after maximal microscopic tumor resection, additional tumor was identified and removed as a result of endoscopy in 36% of cases including 54% of patients with adenomas over 2 cm in size. In cases with cavernous sinus invasion, additional tumor removed under endoscopic visualization was observed in 57% of cases. From this experience, we concluded that the panoramic visualization and magnification of the endoscope appear to facilitate more complete tumor removal and likely translate into higher remission rates for both endocrine-active and endocrineinactive adenomas. Currently, within our own practice, a fully endoscopic binostril approach is used in over 95% of endonasal pituitary adenoma surgeries and for all nonadenomatous lesions.
Other recent reports on the endoscopic removal of giant pituitary adenomas ( > 4 cm) as well as those with evidence of cavernous sinus invasion have been encouraging, indicating that the addition of endoscopy for these types of tumors is also beneficial. For example, Ceylan et al. [ 15 ] and Frank and Pasquini [ 41 ] each described similar results in patients with exclusively invasive pituitary adenomas into the cavernous sinus, citing endocrine remission rates of 66% and 43%, respectively, following endoscopic TS surgery for functional tumors. For giant pituitary adenomas ( > 4 cm), a meta-analysis in which all studies published between 1995 and 2010 were examined revealed higher rates of both GTR and improved visual outcomes in patients treated with an endonasal endoscopic approach in comparison to the traditional microscopic or more invasive open approaches [ 84 ] . An illustrative case is provided in Figure 1 .
Rathke ' s cleft cysts
Rathke ' s cleft cysts (RCCs) are most commonly intrasellar with or without suprasellar extension and typically cause anterior displacement of the anterior gland and posterior displacement of the posterior lobe. Less commonly, they can be entirely supraglandular in location often adherent to the infundibulum and extending into the suprasellar space [ 2 , 17 , 108 ] . When symptomatic either because of headaches, endocrinopathy or, less commonly, visual loss, the goals of surgery are to decompress the cyst and obtain a small biopsy of the cyst wall to be certain that the lesion is not a craniopharyngioma. Complete removal of the cyst wall is generally not advocated as it typically lines the anterior and posterior lobes of the pituitary gland and, for purely supraglandular cysts, it can often be adherent to the infundibulum [ 112 ] . Aggressive attempts at cyst wall removal can lead to postoperative hypopituitarism [ 2 , 17 ] .
Intrasellar RCCs with suprasellar extension are easily accessed with a standard endonasal route using either a low vertical midline gland incision or an approach under the gland to reach and drain the cyst [ 17 , 96 ] . Purely supraglandular RCCs, in contrast, may require an extended approach [ 17 , 31 , 43 ] . Madhok et al. [ 96 ] successively utilized an endonasal endoscopic approach for 35 patients with RCCs; 13 of these were located either primarily in the suprasellar cistern or were sellar with suprasellar extension. Only two patients developed imaging evidence of cyst recurrence following surgery with neither requiring reoperation. De Divitiis et al. [ 23 ] and Laufer et al. [ 90 ] have also reported good results using an extended endoscopic approach to supraglandular RCCs.
Craniopharyngiomas
Microscopic TS approaches to craniopharyngiomas have previously been evaluated and compared to traditional trans-cranial routes [ 16 , 72 , 87 , 97 ] . In many of these initial studies, the endoscope was often utilized only as an adjunct to the operating microscope in order to assist in tumor visualization [ 31 ] . Limitations of the microscopic approach, however, including poor lateral tumor access, a long distance from the visualization source to the surgical target, loss of light with increased magnification and the requirement of the nasal speculum even during adjunctive use of the endoscope, have led many to adopt a purely endonasal endoscopic approach to these lesions [ 20 , 49 ] . In addition, anatomic studies have demonstrated the superior visualization of the suprasellar region achieved with an extended approach in comparison to the microscopic technique [ 13 ] .
Gardner et al. [ 47 ] utilized an endonasal endoscopic approach for 16 patients with craniopharyngiomas of the suprasellar region. Of 11 patients in whom complete resection was planned, near-total resection ( > 95%) or GTR was achieved in 91% (10/11); 13/14 (93%) patients had some degree of visual improvement and no patient had visual worsening. One patient developed permanent DI, and two had new-onset panhypopituitarism. Campbell et al. [ 7 ] achieved > 95% tumor resection in 9/14 patients (64.3%) with newly diagnosed craniophary ngiomas, using an extended endoscopic approach. They reported favorable ophthalmologic and endocrine outcomes as well, with a low complication rate. Komotar et al. [ 85 ] performed a meta-analysis to compare the extended endoscopic and open techniques for craniophary ngioma removal using 88 studies published between 1995 and 2010. Overall, they found higher rates of both GTR (66.9% vs. 48.3%) and improved visual outcome (56.2% vs. 33.1%) in the endoscopic cohorts. Other studies have shown similarly encouraging results using an extended endoscopic approach for craniopharyngiomas, establishing it as a legitimate and often preferable alternative to a trans-cranial procedure [ 14 , 22 , 42 , 64 ] . Overall, these recent studies as well as our own experience suggest that craniopharyngiomas of the sellar, suprasellar and retrochiasmal space are ideally approached via an endonasal approach, whereas tumors with large lateral, anterior or supra-chiasmatic extensions may be better accessed by a more traditional trans-cranial route. An illustrative case of craniopharyngioma removal using an extended endonasal endoscopic approach is provided in Figure 2 .
Meningiomas: tuberculum sella, planum sphenoidale and olfactory groove
Endonasal endoscopic access to meningiomas of the anterior cranial fossa including those of the olfactory groove, planum sphenoidale and tuberculum sella can be obtained with an extended TS approach. This trajectory is particularly appealing in that it allows for tumor resection without the need for brain retraction typically associated with open trans-cranial techniques [ 109 ] . However, it does require the same microsurgical techniques and skill utilized in a trans-cranial approach and poses a significantly higher challenge in terms of skull base reconstruction and the possibility of postoperative CSF leak and meningitis. De Divitiis et al. [ 24 ] achieved GTR in 10 (91%) of 11 patients with anterior fossa meningiomas treated via an extended endoscopic approach, without complications from excessive brain retraction or neurovascular manipulation [ 25 ] . Gardner et al. [ 48 ] also described their experience in 35 patients with anterior fossa meningiomas, achieving a gross total or near-total ( > 95%) resection in 83% of patients with olfactory groove and in 92% of patients with tuberculum sella meningiomas. In addition, seven patients with petroclival lesions underwent successful resection of the parasellar portions of their tumors, achieving adequate decompression of the optic apparatus in all cases.
Whereas the extended endonasal endoscopic route provides direct access to meningiomas of the anterior skull base, anatomical restrictions for safe tumor removal include the posterior wall of the frontal sinus anteriorly, the cavernous and supraclinoid carotid arteries as well as the optic nerves and mid-portion of the orbits laterally and the optic chiasm and pituitary infundibulum posteriorly. In order to determine the effect of these limitations on tumor removal, Komotar et al. [ 86 ] performed a metaanalysis comparing extended endoscopic approaches to traditional open craniotomy procedures. Endoscopic removal was associated with a lower rate of GTR for all three types of meningiomas and a higher rate of postoperative CSF leaks, visual outcomes were similar and there was a trend towards a reduction in overall postoperative complications in the endoscopic cohort. For example, in planum and tuberculum sella meningiomas, the rates of GTR, postoperative visual improvement, CSF leak and anosmia for open procedures were 84.1%, 58.7%, 4.3% and 13.8%, respectively. Whereas in the endosocpic cohort, rates of 74.7%, 69.1%, 21.3% and 5.3%, respectively, indicate overall slightly worse outcomes in comparison.
Based upon current data, the extended endonasal endoscopic approach appears ideally indicated for smaller predominantly midline meningiomas typically 3 cm or less in size [ 37 ] . A case example of a tuberculum sella meningioma is provided in Figure 3 .
Clival chordomas
Clival chordomas are invasive tumors arising from the embryonic notochord. Because they typically have their epicenter in the midline skull base, many if not most are ideally approached through an endonasal endoscopic route. Chondrosarcomas, malignant mesenchymal tumors which originate from the bone, may also be seen in this region but tend to be more indolent and less aggressive while occurring with far less frequency than chordomas [ 110 ] . Although a variety of open lateral and anterior skull base approaches have been employed for chordoma and chondrosarcoma removal, these approaches have diminished in popularity, as the endonasal approach has been refined [ 28 , 29 , 60 , 114 , 115 , 121 ] . Complications related to brain retraction, traversing across critical neurovascular structures and approaching through the ventral skull base, led others to attempt to utilize a more natural corridor to the clival region via the endonasal corridor. As expected, the microscopic TS approach reduced some morbidity often associated with traditional skull base approaches, while eliminating the need for extensive bone removal [ 92 , 98 ] . The endoscope has further improved visualization and tumor accessibility for clival chordomas, especially with more paramedian and lateral tumor extensions. Fatemi et al. [ 38 ] first demonstrated the effectiveness of the endoscope for assisting in tumor removal and assessing the completeness of resection in four endoscopic-assisted TS procedures. In all four cases, gross total or near-total tumor removal was achieved.
The reported outcomes using an endonasal endoscopic technique for clival chordomas indicate it is a relatively safe and effective approach. However, it is important to note that complete microscopic chordoma removal is generally not feasible given the invasiveness of these tumors into the cavernous sinus, Meckel ' s cave and intradural space, particularly the prepontine and perimesencephalic cisterns. The great majority of patients will require adjuvant radiotherapy, either with proton beam, linear accelerator-based radiosurgery or stereotactic radiotherapy [ 61 , 62 , 89 ] . Recent endoscopic studies have shown favorable rates of gross total removal. For example, Fraser et al. [ 44 ] achieved > 95% tumor resection in seven (87%) of eight patients in whom complete tumor resection was the goal. Stippler et al. [ 117 ] and Dehdashti et al. [ 27 ] reported GTR resection rates for clival chordomas of 67% and 58% with CSF leak rates of 25% and 33%, respectively. Carrabba et al. [ 11 ] found reduced levels of postoperative morbidity in patients treated via an endonasal endoscopic approach for clival lesions as compared to those who underwent open resection. Contraindications to this approach occur in cases with tumor primarily located posterior and lateral to critical neurovascular structures [ 73 ] . Midline tumors with extensive lateral invasion, in contrast, are best treated with staged procedures. In these cases, both an open skull base and an extended endonasal endoscopic approach may be utilized, with the goal of minimizing retraction-related complications while still achieving adequate levels of tumor resection. An illustrative case of endoscopic endonasal removal of an invasive clival chordoma is provided in Figure 4 .
Surgical technique: standard endonasal approach for sellar lesions
Endonasal endoscopic surgery for sellar and parasellar tumors uses a binostril technique with a neurosurgeon and an otolaryngologist working together throughout the majority of the procedure ( Figure 5 ). The operation begins with a 4-mm 0 ° rigid endoscope with 30 ° and 45 ° endoscopes available for use later in the procedure.
Positioning, room set-up
Our current operating room configuration is depicted in the patient ' s left side. This set-up allows for both surgeons to have a comfortable operative position on the patient ' s right. For sellar lesions, we incline the head in a neutral plane (0 ° ) relative to the floor; when removing lesions primarily in the suprasellar region, 10 -15 ° of neck extension is used, whereas for infrasellar and clival lesions 10 -15 ° of neck flexion is preferred. Following positioning of the head, the surgical navigation mask (Stryker Navigation, Stryker, Kalamazoo, MI, USA) is placed on the patient ' s face and the system is registered to the preoperative magnetic resonance imaging (MRI) and/or computed tomography (CT) angiogram. Two HD video monitors are positioned at almost 90 ° angles to one another allowing for each to be directed at one of the two operating surgeons. A third monitor for neuronavigation is placed between the two HD monitors.
Nasal prep and approach to sphenoid sinus
The nasal cavity is prepared by placing decongestantsoaked cottonoids in both nares for several minutes. The face, peri-nasal area and right lower abdominal area (for potential fat graft) are sterilely prepped and draped. The initial approach to the sphenoid sinus is performed normally by the otolaryngologist with a 0 ° 4-mm endoscope. As described below, we rarely utilize a vascularized nasoseptal flap [ 54 ] for reconstruction and CSF leak repair for cases of pituitary adenoma and RCC. Instead, we elevate bilateral " rescue " flaps preserving the arterial pedicle should a nasoseptal flap-based reconstruction become necessary [ 111 ] . In extended transplanum or transclival approaches, however, a full unilateral nasoseptal flap is elevated initially, utilizing the side contralateral to the largest tumor extension while the ipsilateral middle turbinate is typically removed for enhanced visualization and maneuverability during tumor removal. Xylocaine 1% with 1:100,000 epinephrine is injected into the inferior and middle turbinates bilaterally. An evaluation for septal or sinus abnormalities (i.e., septal spurs, concha bullosae, etc.) is performed and decision made as to whether treatment is necessary to facilitate exposure. not routinely resected in this approach. Next, bilateral nasoseptal " rescue " flaps are elevated ( Figure 7 ), starting with a curved micro-tip Bovie (Megadyne E-Z Clean 6.0"/152 mm ref: 0016M, Megadyne, Draper, Utah, USA) to incise the mucoperiosteum beginning immediately inferior to the sphenoid ostium and extending to a point approximately 2 cm anteriorly, along the inferior vomer and posterior nasal septum. The incision is then extended anteriorly using the inferior aspect of the superior turbinate as a horizontal guide to preserve the septal olfactory strip (SOS mucosal flap) for approximately 2 cm along the vomer and posterior nasal septum. This maneuver is performed bilaterally. These rescue flaps are then pushed inferiorly toward the nasopharynx with cottonoids to minimize obstruction and access into the sphenoid sinus ( Figure 8 flaps are pushed laterally and superiorly onto the superior turbinate where they usually become adherent and out of the surgical field. These mucosal preserving flaps obviate the need to transect the sphenopalatine artery thereby reducing the potential for postoperative sphenopalatine hemorrhage and epistaxis. A wide sphenoidotomy is then performed with up-biting and down-biting Kerrison rongeurs or the drill. This bone removal can be done from ostia to ostia superiorly and inferiorly to preserve a large piece of keel that can be harvested and retained for sellar floor reconstruction. A posterior septectomy of approximately 15 -20 mm is then performed with a backbiter typically placed down the left nostril. Care should be taken to not extend the septectomy too far superiorly or anteriorly which can increase the risk of anosmia and nasal deformity. The sphenoidotomy is then further refined based upon the pathology being addressed. In general, however, bone and mucosal removal should extend beyond the lateral edges of the ostia bilaterally and allow visualization of the tuberculum sella, sellar floor, optico-carotid recesses, clival recess and lateral sphenoid recesses. Posterior ethmoid air cells are also opened and removed to facilitate instrument maneuverability.
Sellar exposure
Once the sphenoid sinus has been entered, any bony septations limiting access to the sella are carefully removed using a rongeur and/or high-speed drill. Special attention is given to lateral septations as over 85% of them may lead directly to the cavernous internal carotid arteries (ICAs) [ 39 ] . Aggressive removal or torqueing of these septation can result in carotid artery laceration. Next, mucosa over the sella is removed whereas the remaining sphenoid sinus mucosa is left intact in order to preserve as much normal sinus architecture and functional tissue as possible. We then proceed to open the bone of the sellar face exposing the underlying dura. Depending on the size of the tumor and the degree of surrounding invasion, bone is typically removed laterally from cavernous sinus to cavernous sinus, superiorly to the tuberculum sella and inferiorly to the sellar floor. The opening is typically started with a high-speed hybrid diamond drill bit and then completed with a 2-mm Kerrison rongeur. For large macroadenomas, there is often extensive bony erosion or thinning and dural invasion, which may extend out to and over the cavernous ICAs. If this happens, one can assume the bone over the carotids may also be eroded by tumor, and extreme caution should be exercised before definitive localization of both arteries has occurred.
Dural opening
Prior to sellar dural opening, the location of the cavernous ICAs is precisely determined utilizing a micro-Doppler probe (10-MHz ES-100X MiniDop ® with NRP-10H bayonet probe, Koven, St. Louis, MO, USA, or 20-MHz Surgical Doppler, Mizuho America, Beverly, MA, USA) and the surgical navigation ( Figure 9 ). This two-point carotid verification allows for the best accuracy. If the Doppler probe does not reveal a strong signal where the ICA is expected to be located based on image guidance, one must consider the probe is malfunctioning and an alternate probe should be tried. Additionally, the locations of the adenoma and pituitary gland should be anticipated based on preoperative MRI. Ideally, the dura is opened without entering into the gland or transgressing the adenoma pseudo-capsule. In most cases with macroadenomas, the pituitary gland will be compressed laterally and/or superiorly, but, occasionally, a portion of the gland may be draped anteriorly over the tumor.
A wide sellar dural opening is performed in U-shaped fashion with a standard straight micro-blade (Mizuho America Inc., Beverly, MA, USA). Next, angled micro-dissectors are used to carefully separate and elevate the dura from the underlying tumor and pituitary gland ( Figure 10 ). The dural opening can then be extended more laterally as needed with a right angle micro-hook blade or curved micro-scissors with care being taken to ensure the cutting force of the blade is directed away from cavernous ICAs [ 32 ] . Laterally, the opening will normally extend to within 1 -2 mm of the medial wall of the cavernous sinus. If cavernous sinus bleeding is encountered, this can typically be easily controlled with Surgifoam (Ethicon, Inc., Johnson & Johnson Co., Piscataway, NJ, USA) or Gelfoam (Pfizer, Inc., New York, NY, USA) and gentle direct pressure. In patients with microadenomas and a low-lying diaphragma, one must be careful to not extend the dural opening too far superiorly as this may often result in an early CSF leak.
Tumor removal
Complete tumor resection with preservation or improvement in pituitary gland function is the goal for all patients undergoing endonasal resection of a pituitary adenoma. Oldfield et al. [ 105 ] was the first to describe the technique of pseudo-capsular dissection in Cushing ' s disease as a means of achieving complete tumor removal. It is particularly useful for microadenomas but can also be applied in macroadenomas. For microadenomas, in which the tumor is behind a small rim of anterior gland, an incision can be made in the gland at its thinnest point to reach the pseudo-capsule, composed primarily of a thin rim of compressed normal gland. A plane is then established between the adenoma and normal gland using microdissectors, irrigation and gentle traction. The tumor is carefully separated from the compressed normal gland and gently removed with the surrounding pseudo-capsule intact ( Figure 11 ). For larger macroadenomas with suprasellar extension, it is often best to first inferiorly and centrally debulk the tumor with ring curettes and suction. This initial decompression allows the more superior portion of the tumor with its pseudo-capsule intact to be separated from the compressed normal gland and the diaphragma sella, and it can then often be removed in one remaining large rind. With this technique, one avoids pulling tumor down from the diaphragma without direct visualization, thus minimizing the incidence of a CSF leak.
Once all visualized tumor has been removed with the 0 ° endoscope, the 30 ° or 45 ° angled lenses are utilized in order to obtain a clear view of regions not in a direct line of sight. This angled view is especially helpful for tumors with extensive suprasellar or cavernous sinus invasion. The 45 ° and 90 ° up-angled ringed curettes may be used along with angled suctions to probe the folds of the diaphragma in Figure 11 Intraoperative photograph with a 30 ° endoscope of pseudocapsular dissection for a large macroadenoma using a ring curette and a suction device (D = diaphragma sella, A = pituitary adenoma pseudocapsule).
order to dislodge residual tumor. In addition, a Valsalva maneuver can be administered to encourage downward descent of any suprasellar tumor that remains attached to the diaphragma. Ultimately, full inversion of the diaphragma into the enlarged sella should be seen if complete tumor removal has been accomplished. In cases of large macroadenomas, the redundant and collapsed diaphragma sella often falls fully into the sella and obscures visualization of the sellar recesses. In such cases, it is helpful to elevate this tissue with a spatula dissector and/ or cottonoid to provide an unobstructed view of these hidden regions to avoid missing residual adenoma.
In all tumors with suspected cavernous sinus invasion on preoperative imaging, a detailed intraoperative inspection of the medial cavernous sinus wall is performed often with a 30 ° or 45 ° endoscope. Occasionally, what appears to be cavernous sinus involvement on MRI may in fact only be tumor compression of the medial cavernous sinus wall [ 125 , 126 ] . Often, however, it is not until complete tumor removal within the sellar region has been achieved that a defect within the cavernous sinus wall, indicating tumor invasion, may be visualized. If present, tumor within the medial cavernous sinus may be safely removed using angled ring curettes and gentle suction ( Figure 12 ). Venous bleeding from the cavernous sinus is once again controlled with Surgifoam or Gelfoam. In contrast, tumor that extends along or lateral to the ICA is difficult to access safely and removal is associated with a higher risk of neurovascular injury. It is generally prudent to leave such residual tumor for both functional and non-functional adenomas, following with serial MRIs for non-functional tumors every 6 months and treating with postoperative stereotactic radiosurgery (SRS) or stereotactic radiotherapy (SRT) should tumor growth occur. For patients with acromegaly, Cushing ' s disease and prolactinomas, medical therapy is generally attempted before proceeding with SRS or SRT.
Skull base reconstruction and CSF leak repair
Once tumor removal is complete, the resection cavity is irrigated with full strength hydrogen peroxide for approximately 1 min and hemostasis is insured with Surgifoam. The type of skull base reconstruction performed depends primarily on whether or not a CSF leak is present and, if so, on the size, location and severity of the leak [ 35 ] . All repairs involve the use of collagen sponge (Helistat, Integra, Plainsboro, NJ, USA) as part of the reconstruction which acts as a scaffolding for fibroblast in-growth and, ultimately, a vascularized dural replacement [ 81 ] . In patients found to have no evidence of a CSF leak following a Valsalva maneuver (Grade 0), a single layer of collagen sponge placed over the exposed dura is utilized as the only repair material. In leaks where a small amount of CSF is detected following a Valsalva maneuver but no obvious diaphragmatic defect is visualized (Grade 1), a layer of collagen sponge is initially placed under the dural edges. An intrasellar extradural buttress consisting of either the patient ' s harvested vomer, a synthetic plate or titanium mesh is then placed over the collagen sponge followed by a second outer collagen sponge layer. The repair is held in place with tissue glue (DuraSeal, Covidien, Mansfield, MA, USA or Tisseel, Baxter Healthcare Corp., Deerfield, IL, USA).
Medium-sized CSF leaks (Grade 2) or Grade 1 leaks with a large amount of intrasellar dead space require the placement of an abdominal fat graft ( Figure 13 ). After harvesting from the lower abdomen, the fat graft is initially placed within the intrasellar space taking care not to recreate too much mass effect on the suprasellar neurovascular structures. This is again followed by an intradural layer of collagen sponge and, in some instances, an intrasellar extradural mechanical buttress. A second layer of fat and collagen is typically placed over this construct to fill the sphenoid sinus, with everything being held in place by an outer layer of tissue glue. In order to A B C D Figure 13 Intraoperative photographs with a 0 ° endoscope of the repair of a Grade 2 CSF leak with (A) intrasellar abdominal fat graft (B) overlying a layer of collagen sponge with a second outer layer of (C) fat and (D) collagen sponge filling the sphenoid sinus.
assess the adequacy of the repair, prior to placing tissue glue, the anesthesiologist is asked to perform a Valsalva maneuver to raise the patient ' s intracranial pressure. In some instances of Grade 1 and 2 leaks in which a buttress is needed but no lateral bone edges are available for wedging the buttress in place, a temporary buttress with a nasal tampon is placed in one or both nostrils for up to 5 days. Large defects (Grade 3) are typically seen only in extended suprasellar approaches, for example, removal of suprasellar craniopharyngiomas or tuberculum sella meningiomas. In such cases, the repair consists of virtually the same construct utilized for a Grade 2 leak with the addition of a vascularized nasoseptal flap ( Figure 14 ) held in place with bilateral nasal tampons for 5 days [ 54 ] . Addition of 48 h of lumbar CSF diversion is also often used for these large Grade 3 defects.
Closure
Following the sellar reconstruction, blood is suctioned from the sphenoid sinus, nasal cavity and nasopharynx, and good nasal mucosal hemostasis is obtained in order to minimize the amount of blood that is swallowed in the immediate postoperative period. If a nasoseptal flap is necessary to complete our repair, one of the two rescue flaps may be extended in the standard fashion. If not, then the rescue flaps are carefully elevated back along the remaining portion of the vomer and inferior nasal septum to their original location. The middle turbinates are then repositioned anatomically. Nasal packing is typically not utilized unless a buttress is needed as described above to help hold the repair in position. Finally, to minimize chances of a postoperative CSF leak, nasal epistaxis or intrasellar bleeding, excessive coughing or " bucking " should be avoided during extubation and blood pressure carefully monitored and controlled in the early postoperative period.
Surgical technique: extended approach to the suprasellar region
In an extended endonasal approach to the suprasellar region, the patient positioning and room set-up remain the same as in a standard approach, except that the patient ' s head is rigidly fixed in pins. Neuromonitoring is typically used including somatosensory evoked potentials (SSEPs) and electromyography (EMG) for cranial nerve function. We initially harvest a vascularized nasoseptal flap on one side and typically store the flap in the nasopharynx until the reconstruction phase of the procedure. The sellar bony opening generally begins at the midlower aspect of the sella for purely suprasellar lesions, leaving a lower lip of sellar bone to aid in reconstruction. Next, the opening is extended anteriorly along the floor of the anterior cranial fossa to the tuberculum sella and posterior planum, guided by navigation. We continue with bony removal until enough frontal dural exposure has been achieved allowing us access to the most anterior portion of the tumor. After confirming tumor location with neuronavigation, the Doppler probe is again utilized to accurately localize the course of the bilateral ICAs before proceeding with the dural opening.
A vertical sellar dural opening is first made along the midline with a straight feather blade extending up to but not through the circular sinus. The sinus is then cauterized with the bipolar prior to extending the cut any further anteriorly so as to reduce the amount of venous bleeding. Once this portion of the dura has been cauterized and incised, the anterior and superior surface of the pituitary gland may be visualized. Next, the dura may be further opened up above the diaphragma into the region of the planum. This is done carefully, first by passing a nerve hook between the dura and overlying arachnoid or tumor mass and then by making small cuts with the outwardfacing hook knife. Once the dura has been opened as anteriorly as necessary, horizontal cuts may be made, if needed, for improved lateral tumor exposure. After tumor removal has been completed, we perform our standard repair for Grade 3 CSF leaks using the multi-layered closure technique previously described. Intraoperative pictures from an extended approach to the suprasellar region for resection of a craniopharyngioma are shown in Figure 15 .
Surgical technique: extended approach to the clivus
For clival tumors such as chordomas, a vascularized nasoseptal flap will initially be harvested when there appears to be obvious dural invasion by the tumor on preoperative imaging. The standard posterior septectomy and sphenoidotomy are performed taking care to remove as much of the sphenoid as necessary inferiorly in order to have access to the mid-portion of the clivus. If more inferior exposure is still required, the nasal septum must be drilled until it is nearly flush with the hard palate. The thick pre-clival fascia may then be incised in the midline and reflected laterally.
In cases with more lateral tumor invasion from the clivus, a transpterygoid approach may additionally be performed on the side opposite of where the nasoseptal flap is harvested. In this situation, a medial maxillectomy is required followed by entry into the pterygopalantine fossa through the posterior wall of the maxillary sinus. Once there, the vidian nerve and corresponding vidian canal may be identified. Following the vidian nerve through the pterygoid plate allows for precise localization of the junction between the horizontal and vertical ICA segments. If necessary, the ICA may be carefully exposed using a 3-or 4-mm hybrid diamond drill bit. In addition, drilling below the level of the vidian canal along the lowest part of the sphenoid allows for tumor visualization inferior and lateral to the vertebrobasilar junction. Once the tumor has been removed, if a CSF leak is present we perform a standard multi-layered reconstruction of the clival dura utilizing abdominal fat, collagen sponge and the previously elevated nasoseptal flap. carcinomas. With enhanced HD visualization, improved instrumentation and more reliable skull base closure techniques, as well as growing worldwide experience, surgical outcomes and complication rates continue to improve. For example, the incidence of postoperative CSF leak rates associated with the endonasal endoscopic approach has been significantly reduced over the years from up to 33% in some early reported series to a current value of < 6% [ 29 , 35 , 78 , 129 ] . As with all surgical techniques and approaches, the limitations and potential serious complications of the endonasal endoscopic route are being realized and better defined. The utility and appropriateness of the endonasal route relative to other traditional and keyhole craniotomy approaches are also being gradually defined. Further advances and wider acceptance will likely continue, but neurosurgeons with limited experience should apply this approach in an incremental fashion commensurate with their anatomical knowledge, surgical experience and available technology. Partnering with an otolaryngologist experienced in sino-nasal endoscopy is also highly recommended as is developing a full multi-disciplinary team including endocrinologists, neuro-ophthalmologists, radiation oncologists and medical oncologists. This team approach is essential to help ensure each patient is carefully assessed in terms of surgical goals, approach selection, operative success, complication avoidance and postoperative follow-up [ 101 ] . Key points to optimize outcomes and minimize complications are provided in Table 2 .
Discussion

Progress to date
Future considerations
Technological innovations are likely to have a significant impact in endoscopic skull base surgery over the coming years. An important development is likely to be that of 3-D endoscopy. At present, comparable outcomes to two-dimensional endoscopy along with a subjective improvement in depth perception have been described in initial experiences utilizing 3-D endoscopes in endonasal surgery [ 120 ] . A second area of innovation will likely be in the design of traditional endoscopes with further miniaturization, greater flexibility and enhanced optics. Since 1967, few changes have been made to Hopkins ' original rigid rod-lens model. In the future, further miniaturization of these systems along with development of rotatable lenses and/or flexible tips that do not result in loss of HD optics may result in significant improvement in circumferential visualization while minimizing operative clutter and instrument conflict. Such advances would allow surgeons to visualize in all directions by moving only the lens without having to manipulate the entire rigid shaft of the endoscope and attached cables. Finally, the use of robotic surgery technology in neuroendoscopy has yet to be realized. Theoretically, robotic surgery would allow surgeons to overcome certain constraints associated with operating in a confined space. A greater mechanical range of motion while utilizing current instruments would be created with, however, the consequence of a loss of normal haptic feedback [ 128 ] . Whether such technology could improve outcomes in endoscopic TS surgery remains under investigation. In the meantime, continued innovations in instrumentation, imaging and navigation will likely contribute to the further refinement, safety and effectiveness of endoscopic skull base surgery. Carefully review preoperative imaging with attention to pituitary gland location, tumor extension, exposure needed and anticipated skull base reconstruction. Use neuro-navigation and Doppler probe on each case to avoid misguided trajectory and carotid artery injury. Perform wide and tall sphenoidotomy, generous posterior septectomy and wide sellar bony opening to allow maximal instrument maneuverability and tumor access.
To maximize the chances of gland preservation and recovery, use gentle gland manipulation and, if need be, incise or sharply remove the attenuated component of the gland to allow better intrasellar access and tumor exposure. Thoroughly explore sellar, suprasellar and medial cavernous sinus regions as well as diaphragmatic folds with 0 ° and angled endoscopes to avoid leaving residual tumor. Obtain complete sellar hemostasis with hemostatic agents and brief hydrogen peroxide irrigation. Carefully perform CSF leak repair and skull base reconstruction in multilayered fashion; use Valsalva maneuver prior to exiting the sphenoid sinus and closure to assess repair integrity. Gently handle sino-nasal tissues and use bilateral nasoseptal rescue flaps to diminish the chances of postoperative sphenopalatine artery bleeding, increase the likelihood of preserved olfaction and simplify postoperative nasal debridements. Maximize procedural safety and efficiency using teamwork and communication.
